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Purpose: The deep muscles in the flexor compartment of the leg, comprised of tibialis posterior (TP), 
flexor digitorum longus (FDL) and flexor hallucis longus (FHL) contribute to ankle plantarflexion, 
ankle inversion and toe flexion. Investigation of these muscles may have future clinical applications 
given their prominent role in dynamically supporting the medial longitudinal arch of the foot. Without 
the action of the deep flexors, most notably TP, the arch may collapse, resulting in adult acquired flat 
foot. The aim of this study was to characterise the anatomy of the deep leg flexors and produce 
accurate data detailing the proximal muscle attachments and muscle architecture. 
 
Methods: Four legs (4 cadavers, 2 males, mean age: 82 ± 11.8 years) were dissected. Muscle 
architectural parameters (e.g., muscle, tendon and musculotendinous junction length [MTJ], and 
physiological cross-sectional area [PCSA]; fascicular length and volume) were measured. Proximal 
insertion sites were quantified to obtain cross sectional area [CSA] using a 3D laser scanner and the 
3D area of insertion for each muscle was digitally measured, using Blender. All data were entered 
into Microsoft Excel. Anatomical dimensions were normalised to leg length, and descriptive statistics 
were calculated.   
 
Results: Of the three deep flexors, TP was the largest for all architectural parameters (e.g. muscle 
PCSA TP (16.3 ± 1.0cm2) FDL(1.9 ± 0.2)  cm2, FHL (8.2 ± 3.4cm2)  or volume TP (34.6 ± 6.2cm3), 
FDL (11.0 ± 2.1cm3) and FHL (31.2 ± 12.8cm3)) except distal MTJ and free tendon length. Proximal 
insertion sites were more complex in TP and there was greater muscle fusion from overlying muscles 
compared to FDL and FHL. Tibialis posterior had a mean proximal insertional cross-sectional area 
of 111.4 cm2 compared to the smaller FHL (14.7 cm2) and FDL (20.9 cm2). The proximal MTJ 
comprised a large percentage of muscle length, ranging from 69% (TP) to 82.5% (FDL) of the total 




These findings demonstrate that of the deep flexors, TP is the largest in terms of both its insertional 
CSA and PCSA. Physiological cross-sectional area directly reflects the force production of a muscle, 
meaning that TP is likely the strongest invertor and plantarflexor of these three muscles, highlighting 
its important role in maintaining the medial longitudinal arch. The long proximal MTJs span at least 
two-thirds the length of each muscle, and this knowledge is clinically relevant for diagnosing injuries 
that occur in this region of the muscle-tendinous unit. Further study is needed to investigate the 
muscle fusion, innervation, and compartmentalisation; anatomically separate regions that are 
activated differentially during specific movements. The presence of these compartments may change 
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1.1 Clinical relevance 
The deep muscles in the flexor compartment of the leg, tibialis posterior (TP), flexor digitorum 
longus (FDL) and flexor hallucis longus (FHL) (Drake & Vogl, 2020), may be affected by a 
variety of pathologies. This includes tenosynovitis, hallux sultans (“trigger” toe) in FHL, and 
tendinopathy which can result in posterior tibial tendon dysfunction, also known as adult 
acquired flat foot (AAFF) (Drake & Vogl, 2020). This is characterised by pain on the plantar 
aspect of the foot as well as the flattening of the medial longitudinal arch (Myerson, 2003). 
Individuals with AAFF may experience pain and swelling when completing high impact 
activities like running and even walking (Myerson, 2003). These symptoms can all lead to 
rotational deformity causing the fibula to be more heavily relied upon. There is also an 
increased risk of development of arthritis in the heel as a result (Guelfi et al., 2017; Myerson, 
2003).   
 
As reported in a cross-sectional study the prevalence of AAFF may be as high as 3% in those 
over the age of 40 years and approximately 10% in those over 65 years, with body mass index, 
foot size and most notably age, having an impact on the likelihood of having tendon 
dysfunction (Henry et al., 2019; Pita-Fernandez et al., 2017). As New Zealand has an ageing 
population, it would be likely that the prevalence of AAFF will increase overtime (Guelfi et 
al., 2017; Henry et al., 2019; Myerson, 2003).  
 
With AAFF taking a toll on the ageing population and the prevalence increasing, it is 
important to explore preventative and surgical interventions. To do this effectively, a greater 
understanding of the anatomy is required in both healthy populations and those who may 
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have pathology or dysfunction of the deep leg flexors. Tendinopathy, particularly of TP may 
cause a loss of stability of the medial arch and can result in AAFF with the distal tendon and 
its associated musculotendinous junction (MTJ) being associated in the aetiology of the 
tendon dysfunction (Kulig et al., 2009). To understand the pathogenesis of the condition, it is 
important to first understand the morphology of the area in healthy subjects. Tendinopathy in 
general has also been associated with both FDL and FHL (tendinitis and tenosynovitis) which 
can lead to pain and dysfunction (LaRue & Anctil, 2006). Stress at the MTJ of a muscle can 
result in tendinopathy and subsequently should be investigated further (Jakobsen & 
Krogsgaard, 2021). 
 
While most studies attribute AAFF being a dysfunction of the distal tibialis posterior tendon 
(Albano et al., 2018; Guelfi et al., 2017; Henry et al., 2019; Myerson, 2003; Pita-Fernandez 
et al., 2017; Vaudreuil et al., 2014), little is known on the deep flexor compartments proximal 
muscular attachments. This may link to AAFF due to the association to the MTJ and to 
tendinopathies in general. With so little known on the proximal attachments, it may provide 
insight on the overall function and potential dysfunction.  
 
The following introduction focuses on the anatomy, function, and muscle architecture 
parameters of the deep muscles in the flexor compartment of the leg. Emphasis is placed on 
the proximal attachments as well as the overall architectural parameters of the muscles. 
Having a more detailed understanding of the muscles’ anatomy and function may aid in the 
clinical management of the conditions (Barn et al., 2013; Johnson, 1983; Myerson, 2003).  
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1.2 Overview of Function and Anatomy  
The TP, FDL and FHL muscles are important plantarflexors of the ankle joint during the toe 
off phase of the gait cycle with secondary functions including inversion (TP), flexion of the 
lateral four digits (FDL) and flexion of the great toe (FHL) (Drake & Vogl, 2020; Fahradyan, 
2020; Moore, 2014; Soames & Palastanga, 2019). The three muscles stabilise the medial 
longitudinal arch, a sagittal plane arch formed by the medial three metatarsals, medial tarsal 
bones, the talus and calcaneus of the foot (Drake & Vogl, 2020; Soames, 2019). The deepest 
of the three flexors is TP (Drake & Vogl, 2020; Soames, 2019). The muscle belly of TP lies 
between both FDL (medial) and FHL (lateral), and it attaches proximally to the tibia and 
fibula as well as the interosseous membrane (Drake & Vogl, 2020; Moore, 2020; Soames, 
2019). All three muscles are innervated by the tibial nerve and supplied by the posterior tibial 
artery. Both TP and FHL also receive a blood supply from the fibular artery (Drake & Vogl, 
2020; Moore, 2020; Soames, 2019).  
  
Flexor digitorum longus is accountable for plantarflexion of the talocrural joint and inversion 
of the subtalar joint. To produce movement at the phalanges, FDL inserts at the bases of the 
distal phalanges. Proximally, it is attached to the posterior surface of the tibia, inferior to the 
soleal line and it may also insert into the interosseous membrane (Drake & Vogl, 2020; Moore, 
2020; Soames, 2019; Tubbs, 2016).  
 
Flexor hallucis longus is of great importance for producing toe off in the gait cycle providing 
maximum power. It contributes substantially when pushing through the medial aspect of the 
foot as it is the largest flexor of the great toe (Péter et al., 2015). Proximally the muscle attaches 
into the inferior two-thirds of the posterior surface of the fibula and the interosseous membrane 
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(Soames, 2019). The muscle inserts distally at the base of the distal phalanx on the first toe 
(Drake & Vogl, 2020; Moore, 2020). 
 
The following sections (Sections 1.3 to 1.5) discuss the anatomy of these muscles in further 
detail with particular emphasis on muscle architecture, as well as attachment sites, tendon and 
MTJ morphology, innervation, and compartmentalisation.  
 
1.3 Proximal insertions 
Tibialis posterior : Comprising two parts, medial and lateral, the tibialis posterior proximal 
insertion originates from the posterior surface of the soleal line of the tibia medially (Moore, 
2020; Soames, 2019). Laterally, TP muscular attachments arise from a medial strip of the 
posterior fibular surface in its upper two thirds (Drake & Vogl, 2020; Olewnik, 2019). 
Furthermore, as the deepest flexor muscle of the leg, the posterior aspect of the muscle attaches 
to the interosseous membrane (Drake & Vogl, 2020; Moore, 2020; Soames, 2019; Tubbs, 
2016) (Figure 1).  
 
Flexor digitorum longus: Originating from the superoposterior aspect of the tibia, FDL 
attaches proximally to the tibia, medial to TP, from below the soleal line to within 7-8cm of 
the distal end of the tibia (Drake & Vogl, 2014). It also has fascial connections to TP (Figure 
2) (Drake & Vogl, 2020; LaRue & Anctil, 2006; O'Sullivan et al., 2005). 
 
Flexor hallucis longus: Flexor hallucis longus arises from the distal two-thirds of the posterior 
surface of the fibula and the adjacent fascia (Figure 2) (Drake & Vogl, 2020; LaRue & Anctil, 
2006; O'Sullivan et al., 2005; Soames, 2019). From this fascia, there is a considerable muscular 
overlap with TP. The muscle fibres converge onto the distal tendon which is located on the 
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superficial aspect of the muscle. Those fibres on the lateral side insert onto the tendon lower 
compared to the medial side (Drake & Vogl, 2020; Pichler et al., 2005).  
 
While the deep leg flexors have extensive attachments proximally to either the posterior aspect 
of the tibia and/or fibula and the interosseous membrane, no data are available regarding the 
insertional cross-sectional area (CSA) or “footprint” of these muscles (Lhoste-Trouilloud, 
2012; Trnka, 2004).  
 
Having a more thorough understanding of the attachment sites could mean a greater 
understanding the function of these muscles. Tibialis posterior for example, has both a medial 
and lateral attachment as well as attachment to the interosseous membrane.  
These different sites of proximal attachment are a physical separation and as such could 
demonstrate compartmentalisation (see section 1.57) whilst a greater understanding of the 
muscular overlap from both FDL and FHL could aid in development of medical interventions 
with drug targeting.  
 
With TP requiring reattachment in cases of posterior tibial tendon rupture (Thamphongsri et 
al., 2017), understanding of both TP muscle architecture as well as the architecture of the 
tendon used for reattachment (often FDL) is of great importance (Thamphongsri et al., 2017).  
 
A greater knowledge of the extent of muscular overlap (fusion) between muscles could 
improve current knowledge on the synergistic action of the deep flexors and how the action 
of one muscle affects that of another muscle. Knowing the synergistic mechanisms may aid 
physicians in prescribing the right care treatment in preventing tendinosis. Mapping these 
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proximal attachments with precise areas and coordinates could potentially aid those in the 
medical field. 
 
1.4 Distal tendons and insertions  
There is a large collection of literature that has investigated the distal tendinous insertion of the 
three deep leg flexor muscles, and as such this dissertation does not specifically focus on this 
anatomical parameter. The following section provides a brief overview of the accepted 
anatomy to date.  
 
The distal tendon of TP splits into two divisions, each with its own insertion sites (Drake & 
Vogl, 2020; Soames, 2019). The more superior part inserts into the tuberosity of the navicular, 
and the deeper, lateral part continues to insert into the intermediate cuneiform and the base of 
the three middle metatarsals (Drake & Vogl, 2020; Kiter et al., 2000; Soames, 2019). At the 
level of the metatarsals, FDL divides into four individual tendons, one going to each of the 2nd 
– 5th toes. The long tendons attach to the plantar surfaces of the base of each distal phalanx 
(Drake & Vogl, 2020; Moore, 2020; O'Sullivan et al., 2005; Soames, 2019; Tubbs, 2016). The 
tendon of FHL passes on the plantar surface of the great toe and the tendon runs through an 
osseo-aponeurotic tunnel between two sesamoid bones, to attach to the plantar surface of the 




Figure 1. The tibialis posterior muscle. Image of a plastinated specimen at W.D Trotter 
Anatomy Museum, University of Otago, Dunedin. Gastrocnemius, soleus, fibularis longus, 
FHL and the inferior two thirds of FDL have been resected to show the proximal attachments 





Figure 2. The deep muscles in the flexor compartment of the leg. Image of a plastinated 
specimen at W.D Trotter Anatomy Museum, University of Otago, Dunedin. Gastrocnemius, 
soleus and fibularis longus have been removed to reveal the deep flexor muscles: TP (Tibialis 
posterior), FDL (Flexor digitorum longus) and FHL (Flexor hallucis longus). From their 
proximal insertions in the leg, the muscles continue inferiorly to their distal attachments on the 
plantar aspect of the foot. Abbreviations:  
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1.5 Muscle architecture 
Muscle architecture is defined as the physical arrangement of muscle fibres that determine the 
mechanical function of a muscle (Gans, 1982; Lieber & Fridén, 2001). It incorporates various 
parameters: physiological cross sectional area (PCSA), muscle volume, fascicle length, and 
pennation angle which will be described in the following sections (Ward et al., 2009).  
 
1.51 Muscle length 
Muscle length is defined as the length of a muscle, between its proximal and distal attachments. 
Although mean muscle length data are available from four studies using cadavers with TP 
being the longest (25.4 – 31.0cm) followed by FHL (23.5 – 27.3cm) and FDL (22.2 – 26.8cm) 
(Friederich & Brand, 1990; Sopher et al., 2017; Ward et al., 2009; Wickiewicz et al., 1983), 
there is slight variation reported in the ranges for each of the muscles, and a small number of 
specimens. Therefore, further investigation into the muscle length is needed.  
 
1.52 Muscle size 
Muscle size is proportional to the potential force that a muscle may produce, and may be 
presented as either mass, PCSA and volume (Gans, 1982; Lieber & Fridén, 2001).  
 
1.53 Muscle mass  
Often associated with muscular strength, muscle mass is measured in grams (g) (Lieber & 
Fridén, 2000; Miyatani et al., 2004; Ward et al., 2009). Two studies that have examined muscle 
mass of the deep leg flexors, measured this parameter in the same way and reported a small 
range for TP (53.5 - 58.4g) FDL (16.3 - 20.3g) and FHL (21.5 - 38.9g) which had the largest 
range. This shows that muscle mass is relatively consistent amongst cadavers (Ward et al., 
2009; Wickiewicz et al., 1983).  
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1.54 Physiological cross-sectional area 
The PCSA is the area of the cross-section of a muscle at a right angle to the direction/angle of 
its fibres. It is calculated by dividing the fascicular volume by its length, perpendicular to fibre 
orientation (cm2) (Friederich & Brand, 1990; Lieber & Fridén, 2000). Physiological cross-
sectional area reflects the maximal force output of a muscle.  
 
In four cadaver studies (Friederich & Brand, 1990; Sopher et al., 2017; Ward et al., 2009; 
Wickiewicz et al., 1983) there was a greater range of variation for reported PCSA values 
compared with muscle mass for all three deep flexors. The larger range could be explained by 
the various techniques used to measure PCSA. PCSA for the deep flexors ranged 
dramatically with TP (13.4 – 22.6 cm2) having the greatest PCSA followed by FHL (5.1 – 
13.7 cm2) and then FDL (4.4 – 6.1cm2). One study used nitric acid (Wickiewicz et al., 1983), 
another used sulphuric and submerged tissue to digest connective tissue (Ward et al., 2009) 
while other studies did not do this (Friederich & Brand, 1990; Sopher et al., 2017).  Ward et 
al., (2009) and Wickiewicz et al., (1983) calculated PCSA by multiplying mass by pennation 
divided by muscle density. This was then multiplied by fibre length. Differences here may be 
explained by inclusion of density. Friederich & Brand (1990) and Sopher et al., (2016) 
calculated PCSA by dividing volume by fibre length. Age, sample size and sex all contribute 
to variations within the aforementioned studies and may contribute to these differences in 
range values.  
 
1.55 Muscle volume  
Muscle volume is a good determinant of overall size and acts as a 3D representation of a muscle 
but fails to consider external factors such as pennation, fibre length and sarcomere length (Ward 
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et al., 2009). Data for TP muscle volume varied greatly amongst the different methods in the 
two studies that have reported this, varying ranges for TP (56 – 63 mL), FDL (18 - 23.5mL) 
and FHL (36 – 62mL) (Friederich & Brand, 1990; Sopher et al., 2017).  
 
Only two studies have reported muscle volume data for FDL and FHL (Friederich & Brand, 
1990; Sopher et al., 2017). The two cadaver studies showed that the observations for muscle 
mass and PCSA data were the same for volume; FDL and FHL are smaller in volume than TP 
(Friederich & Brand, 1990; Sopher et al., 2016).  Further study of muscle size in the FDL and 
FHL, with larger sample sizes, is required.  
 
1.56 Distal tendon and MTJ 
Anatomically, a tendon is comprised of two parts: the free tendon, which has no muscle 
fibres inserting into it and, the MTJ which is defined as the portion of a tendon into which 
muscle fibres insert, or the distance between the most proximal and distal fibres inserting 
onto the tendon (Garrett & Best, 1994). The MTJ may be on the superficial surface of a 
muscle or intramuscular in its course. The length of a MTJ is an important parameter to 
consider in the understanding of tendinitis and its development to tendinosis (Jakobsen & 
Krogsgaard, 2021). Although some textbooks provide brief descriptions of the arrangement 
of fascicles onto tendons (Drake & Vogl, 2020), the length of the distal MTJs have not been 
measured for any of the three deep leg flexors. Tendon length has not been reported in studies 
thus far so no comparisons can be drawn.  
 
Understanding more about these architectural parameters is valuable from a clinical 
perspective as the mid-substance of the free distal tendon is often the site of tibialis posterior 
tendinopathy which leads to AAFF (Federer et al., 2017; Henry et al., 2019; Myerson, 2003). 
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Although rare, the distal MTJ may be the site of tendon rupture (Myerson, 2003). 
Involvement of FHL and FDL in tendon rupture may have a synergistic effect with greater 
reliance required in the primary roles of TP. Both FDL and FHL are likely to suffer 
tendinopathy through damage to the MTJ (Jakobsen & Krogsgaard, 2021). 
 
1.57 Fascicle length  
Fascicle length is defined as the distance of a fascicle between its proximal and distal 
attachment sites excluding the tendinous portion (Gans, 1982; Lieber & Fridén, 2001). This 
architectural parameter determines a muscles maximum contractile velocity and is greatly 
affected by contraction (Martin et al., 2001). Fascicle length is often smaller in cadavers due 
to the preservation process; fascicles shrink after fixation with specific chemicals (Cutts, 
1988; Hooper & Hegarty, 1973; Martin et al., 2001). This was shown in TP and FDL in four 
cadaver studies when compared to MRI studies in living subjects (Brand et al., 1986; 
Fukunaga et al., 1997; Sopher et al., 2017; Ward et al., 2009; Wickiewicz et al., 1983). In 
cadaveric studies the fascicle length was similar for TP (2.9 – 4cm) FDL (2.7- 4.5cm) FHL 
(3.3 – 5.3cm). Only one study measured fascicle length in living individuals where TP (2.8 ± 
0.3cm), FDL (2.1 ± 0.2cm), FHL (3.8 ± 0.5cm) and FHL were smaller in comparison. 
Differences may also be present due to sex, ethnicity, age or contraction state of the muscles 
and must be considered when acknowledging potential limitations of the studies.  
 
1.58 Pennation angle 
Mean pennation angle is measured by ascertaining the average angle of the muscles fibres 
when compared to the axis of force production, and is required to calculate PCSA (Gans, 1982). 
The greater the angle, the less tension and velocity of shortening with respect to the tendon 
(Wickiewicz et al., 1983). Reported pennation angle is consistent across studies using cadavers 
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(Friederich & Brand, 1990; Sopher et al., 2017; Ward et al., 2009; Wickiewicz et al., 1983). 
Four cadaver studies have reported mean pennation angle. Pennation angle ranged from (11.7 
- 19º) for TP, (6.7 - 15º) for FDL, and (6.7 - 20º) (Friederich & Brand, 1990; Sopher et al., 
2017; Ward et al., 2009; Wickiewicz et al., 1983). These relatively small angles indicate that 
the deep flexors have high tension and velocity of shortening relative to the tendon position 
(Wickiewicz et al., (1983). Differences between the studies were noticeable with one study 
having a small sample size (Wickiewicz et al., 1983). Differences in the methods for obtaining 
pennation angle are also evident. Ward et al., (2009) measured with a goniometer with respect 
to the distal tendon while Sopher et al., (2017) used a technique involving cameras for surface 
pennation which was input into a programme and measured to the nearest degree (Sopher et 
al., 2017). The standardisation of a method for measuring pennation angle in these muscles 
will be beneficial for future comparisons between studies.   
 
1.59 Innervation  
The deep leg flexors are innervated by the tibial nerve, which separates into two divisions 
(Drake & Vogl, 2020; Soames, 2019). The nerve descends along the posterior aspect of the 
thigh and popliteal fossa to the distal border of the popliteus muscle. The nerve becomes 
more superficial at the knee. It is overlapped by the two heads of gastrocnemius as it 
descends. The nerve descends with the posterior tibial vessels distally where it passes 
between the heel and medial malleolus. Little is known on the precise path/s of the individual 
branches of the nerve which innervate specific areas of the muscle bellies, potentially 
contributing to compartmentalisation (see section 1.57) (Segal et al., 1991). With two or three 
branches from the tibial nerve there is a large variety of innervation patterns  with FDL 
receiving only one branch whilst TP and FHL have been observed to receive 2-3 branches 
each (Picelli et al., 2019). These innervation patterns are important to investigate as they 
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could prove to be useful in a clinical setting for drug targeting during surgery or future 
studies involving the deep flexors for surgical training. 
 
1.591 Compartments  
Within a muscle, there may be anatomically separate regions which are able to be differentially 
activated during specific movements, as detected by electromyography (Segal et al., 1992). A 
compartment is defined as a specified region within a whole muscle-tendon unit that is 
innervated by a primary muscle nerve branch, and that is different from other regions of the 
muscle by at least one observed architectural characteristic (Chanaud et al., 1991; Segal et al., 
2002; Windhorst et al., 1989). These architectural features include tendinous boundaries, 
muscle size, pennation angle, PCSA, muscle length and muscle volume. As the innervation of 
the deep flexor muscles may be via two or three branches of the tibial nerve it is possible that 
these muscles may be comprised of anatomical compartments (Picelli et al., 2019; Segal, 
2002). However, innervation of FDL has only been shown to receive one branch of innervation 
whereas both TP and FHL may receive 1-3 branches meaning they potentially could show 
compartmentalisation.  
 
1.6 Function  
The function of the deep muscles in the flexor compartment of the leg is to primarily plantarflex 
the ankle joint. Considered the second strongest ankle plantar flexor, behind the strongest 
gastrocnemius, TP is vital (Kelikian et al., 2011;Otis & Gage., 2001). At peak contraction the 
distal tendon of TP only moves 1-2cm yet it is has an important role as an invertor of the foot 
while also being the initiator of elevation of the heel (Drake & Vogl, 2014; Fahradyan, 2020; 
Moore, 2014; Soames & Palastanga, 2019). During gait it acts as the primary stabiliser of the 
medial longitudinal arch (Barn et al., 2013; Semple et al., 2009).  
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Both FHL and FDL mechanically have the same function, but this is achieved in different ways. 
Together, the two muscles act synergistically to propel during toe off (Akuzawa et al., 2017; 
LaRue & Anctil, 2006). Flexor digitorum longus acts distally on the second to fifth phalanges 
allowing for plantarflexion of the metatarsophalangeal and interphalangeal joints. It also 
contributes to flexion of the talocrural joint and inversion of the subtalar joint (Drake & Vogl, 
2020; LaRue & Anctil, 2006). Flexor hallucis longus primary role is plantarflexion and 
inversion. It also functions to flex the great toe. This indicates the importance of FHL is 
important at higher speeds as force under the big toe is increased as force in other regions of 
the plantar surface become greater (Péter et al., 2015). 
 
1.7 Conclusion 
The deep muscles in the flexor compartment of the leg function to plantarflex the ankle as well 
as invert the foot, flex the toes and maintain the arch of the foot. Given their important roles at 
the ankle and in the foot, it is important to have a thorough understanding of their architecture. 
A range of techniques including MRI and cadaveric dissection have been used to ascertain 
muscle architecture parameters, however, there are still numerous gaps within the literature, 
with little known on the proximal attachments and no information on compartmentalisation of 
the deep flexors. There are also inconsistencies with variation observed with parameters such 
as PCSA, volume, fascicle length and pennation angle. The CSA of the proximal attachment 
sites of these muscles has not been reported and there is a lack of consistent quantifiable data 
on the length of the distal tendons, MTJs, innervation and potential anatomical partitioning, 




The overall objectives of the current study are: 
1)  To characterise the anatomy of the muscles of the deep posterior compartment of the 
leg - TP, FDL and FHL, using dissection.  
2) To generate data that accurately details the proximal insertions, distal tendons and 
MTJs, and architectural parameters (PCSA, muscle volume, muscle length, fascicle 
length, and pennation angle) of the deep muscles in the flexor compartment of the leg. 
 
1.9 Hypotheses 
1) The proximal insertion sites of TP, FDL and FHL will show variation to different 
extents with the insertional area of TP being larger than both FDL and FHL 
2) The distal MTJs will occupy a large proportion of the proximal part of each muscle and 
have an intramuscular course 
 
2 Methods 
2.1 Dissection  
2.11 Specimen details 
The muscle architecture of the three deep leg flexors was determined in four legs from four 
embalmed cadavers (male: two, female: two, mean age 82 ± 11.8 years; range, 61 - 95 years) 
with no previous evidence of knee or leg surgery, neurological conditions or systemic bone, 
joint or muscle disease (as determined from medical records). All of the limbs were from the 
left side. The study material comprised legs bequeathed to the Department of Anatomy, 
University of Otago under the New Zealand Tissues Act (2008). All cadavers were preserved 
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using Crosado mix: 60.2% ethanol [95%], 15.1% glycerine, 15.1% water, 7.6% phenoxytol 
[90%], 2.0% formalin [37%]. Ethics approval was obtained (reference number H20/098, and 
consultation with the Ngai Tahu Consultation Committee) (Appendix A). Details of specimens 
including their age, cause of death and major underlying medical conditions, are documented 
in Appendix B. 
 
Specimens were examined using dissection and the method relating to this technique is 
described below. The main parameters of interest were: proximal attachment CSA, muscle 
length, muscle mass, muscle volume, distal tendon length, distal MTJ length, fascicle length, 
fascicle volume and pennation 
 
2.12 Equipment 
For dissection, the following equipment/tools were utilised: large and small-toothed forceps, 
small-pronged forceps, a scalpel handle and size 20 blades. Small map pins were used for 
marking distances between bony landmarks and string was used to create a reference line for 
pennation angle measurements. Measurements of tendon, muscle, MTJ, fascicle and string 
length were achieved using digital callipers (Tresna - point digital sliding callipers SC02, 
Germany, accuracy ± 0.03mm) or a measuring tape to more accurately follow the natural 
curvature of these features. A protractor was used to measure the pennation angle of fascicles. 
To demarcate the outline of tendinous/muscle attachment, a charcoal pencil was used.  
 
Fascicle mass was obtained using digital scales (OHAUS Adventurer AX224 scales 0.1mg 
repeatability) and volume measurements were achieved through a water displacement method 
(10 ± 1 ml glass cylinder) (Gundersen et al., 1988). Photographs were taken using a digital 
camera (Canon Powershot G10). Once dissection of the muscles was completed, the proximal 
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insertion sites were scanned using a 3D camera (Artec Space Spider 3D Scanner, Artex 3D, 
Luxembourg) and the insertion footprint for each muscle was measured digitally (Blender 
2.91.2, Blender Foundation, Netherlands). 
 
2.13 Removal of skin, fascia, and superficial muscles 
The specimens were placed in a prone position. The angle of plantarflexion at the ankle joint 
and leg length (from the medial tibial condyle to the medial malleolus) were measured to allow 
for comparison by normalising to leg length (Ward et al., 2009). A longitudinal incision was 
made in the skin, along the midline of the calf, from the popliteal skin creases to the level of 
the ankle. Skin flaps were raised with their corresponding subcutaneous tissues and deep crural 
fascia. These tissues were reflected to observe the underlying superficial flexor muscles 
(gastrocnemius and soleus), which were then incised from their attachment sites and removed 
along with the deep transverse crural fascia. Once the deep muscles in the flexor compartment 
of the leg were visible, incisions were made in the flexor retinaculum to follow the distal 
tendons at the level of the ankle onto the plantar aspect of the foot. All superficial plantar fascia 
and intrinsic foot muscles were removed to reveal the distal tendon insertions of TP, FDL and 
FHL.  
 
2.2 Muscle morphometry 
2.21 Muscle length 
Once the overlying superficial fascia and muscles had been removed, muscle length was 
measured using a tape measure. This measurement was defined as the length of muscle between 
the origin of the proximal muscle fibres and where the distal muscle fibres inserted into the 
distal tendon. This excludes the free distal tendon (the distal aspect of the tendon with no 
muscular attachment) as part of the total length (Figure 3). 
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2.22 Muscle size 
Overall muscle mass, volume and PCSA are calculated by the addition of the fascicular 
parameters. (section 2.42). 
 
Figure 3. Muscle length measurement of FHL. Using a tape measure, FHL was measured 
(cm) along with the other deep flexors. Abbreviations: FHL, flexor hallucis longus 
 
 
2.3 Distal tendon and MTJ length 
Prior to commencing fascicular dissection distal tendon lengths were measured. Free tendon 
length encompassed the distance between the distal end of fascicular insertion into the tendon, 
to the distal insertion of the tendon into bone. The distal MTJ was defined as the portion of the 
tendon into which muscle fibres inserted (Garrett & Best, 1994). For example, the distal MTJ 
was determined by measuring the distance between the most proximal and distal muscle fibres 
which arose from the distal tendon. The value for the distal free tendon length (Figure 5) and 
MTJ length (Figure 4) were then added to calculate total distal tendon length.  
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Figure 4. Measurement of the MTJ of FHL. A tape measure was used (cm) to find the 
distance from the distal tendon to the start of the free distal tendon. Abbreviations:  MTJ, 
musculotendinous junction; FHL, flexor hallucis longus. 
 
As FDL has four separate distal tendinous insertions to toes 2-5, the distance from the distal 
tendons to the point of convergence (approximately inferior to the intermediate cuneiform, in 
line with the 2nd metatarsal and the medial longitudinal arch of the foot) were measured 
individually. An average length was calculated from these four individual values, and this was 
added to the previously calculated free tendon length to determine total tendon length. Tendon 
and MTJ data were expressed as a length (cm) and as a proportion (%) of both leg and muscle 
length to enable comparison between specimens. 
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Figure 5. Measurement of the FHL free distal tendon. A tape measure was used to measure 
from the start of the free distal tendon (blue  pin) to the distal muscle insertion of the FHL 
tendon onto the distal phalanx (blue) (cm). Abbreviations: FHL, flexor hallucis longus. 
 
2.4 Fascicular morphometry 
For this study, fascicles were defined as a bundle of muscle fibres that had a distinct proximal 
and distal attachment site (Bogduk et al., 1998; Gans, 1982; Lieber & Fridén, 2000). The 
attachment sites of fascicles were variable with both FDL and FHL having some 
musculofascial attachments to TP.  
 
2.41 Pennation angle 
The pennation angle of each individual muscle fascicle was measured prior to its removal. 
First, a reference line was established for each muscle, along the axis of the distal tendon, 
using string. This originated from where the distal point of the distal MTJ transitioned to the 
free tendon (marked with a pin) to where the distal tendon finished superiorly (marked with a 
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pin). Between these two points, a taut string line was tied to create the reference line. This 
line was extended superiorly through the proximal end of the muscle belly to its proximal 
muscular insertion (Figures 6a and b) to be able to measure the proximal fascicles. 
The pennation was measured using a protractor and rounded to the nearest five degrees. The 
protractor was placed over the reference line and the angle of the fascicle fibres was measured 
relative to the reference line (Figure 6b). 
2.42 Fascicle volume and mass 
Once individual fascicles were removed from each muscle, they were weighed and volume 
ascertained using water displacement (Flack et al., 2014). The volume of each fascicle was 
divided by its length to determine PCSA, and total volume was calculated by the summation 
of the volume all fascicles in the muscle. These measurements were then tabulated for 
comparison to each other and as well as previous studies.  
 
2.5 Fascicle length 
Individual fascicles were dissected from their proximal and distal attachment sites, their length 
was measured first (with digital callipers). The fascicle was placed on a flat surface and the 






Figure 6a. Reference line creation in FHL for measurement of pennation. Using the distal 
free tendon start as an origin (green pin (right)) the distal tendon was followed up until it ceased 
to continue further (black pin). From here a line of string was used to create a reference line 
between the two points and extended further (green pin (left)). Abbreviations: FHL, flexor 
hallucis longus.  
 
Figure 6b. Measuring of pennation angle using a protractor for FHL. With the reference 





Figure 7. Length of fascicle measurement using callipers. Once dissected, fascicles were 





Figure 8. Mass measurement of deep flexor fascicle. Scales were used to measure the mass 








Figure 9. (Left) Volume measurement of fascicles considered 0 at 6mL, (Right) Volume 
measurement of fascicle. The difference between the fascicle volume was calculated by 









2.6 Proximal insertion 
As the individual muscle fascicles were removed from the bone, the extent of their attachment 
was marked using a charcoal pencil. This was repeated until all of the muscles fascicles were 
removed, and the entire site of attachment onto the bone was demarcated (Figure 10). This 
outline was then scanned using a 3D scanner and measured in Blender to ascertain the proximal 
muscle CSA of insertion. The outline of the charcoal pencil was traced using Blender. Once 
the scan of the leg was input to Blender, excess scanning data was removed  and the area for 
measurement was selected in edit mode whilst vertices were lightened to ensure the charcoal 
pencil could be seen. Using the MeasureIt add-on tool, the outlines were measured and scaled 
to actual size.  
 
Figure 10. Charcoal pencil outline of both FHL (bottom) and FDL (top) Using charcoal 
pencil, the outline of the deep flexors was then scanned using a 3D scanner. Abbreviations: 























Figure 11. Cross-sectional area tracing in Blender for A) FDL, B) TP and C) FHL. Blender 
was used to determine the cross-sectional area of the proximal attachment sites of the deep leg 








2.7 Innervation and compartmentalisation 
Although it was originally planned to examine the detailed innervation of each of the deep 
muscles in the flexor compartment of the leg, this aspect of the study was not able to be 
completed for all specimens (and so has not been reported). As a consequence, it was not 
possible to determine the compartmental organisation of TP, FDL and FHL. 
 
2.8 Data analysis 
Once all values had been obtained, data was entered into Microsoft Excel 2021 (Microsoft 
Corporation, 2021). Mean values and standard deviations were calculated for all parameters 
for each of the muscles from an individual specimen and then combined to calculate the overall 





The following section presents the dissection results of the three deep muscles in the flexor 
compartment of the leg, and the 3D analysis of the muscles’ proximal insertion sites.  
 
3.1 Qualitative observation 
3.11 Fusion with overlying muscles 
All three muscles were found deep to gastrocnemius and soleus, with soleus being bound to 
the deep flexors by the deep transverse fascia of the leg. In two cases, differentiation between 
the muscles’ borders were hard to distinguish from one another (notably soleus from the 
underlying deep flexors, and popliteus from TP). Superiorly, TP was observed to have fused 
with the popliteus making it difficult to distinguish between the two muscles. 
 
3.12 Fusion between the deep muscles in the flexor compartment of the leg 
Between the three deep muscles in the flexor compartment of the leg there was evidence of 
proximal fusion. It was observed that both FHL and FDL had overlying fascia that covered the 
superficial surface between the proximal muscle fascicles and fused with TP before inserting 
into the tibia in two of the four specimens. The lateral fibularis longus was also seen to fuse 
with FHL in all cases requiring dissection to distinguish between the two muscles more easily. 
In two of the cadavers, it was noted that fascia from FDL attached to the lateral aspect of TP 
inferiorly.  
The extent of fusion was not quantified between the deep muscles in the flexor compartment 




 In one cadaver, a flexor digitorum accessorius longus was observed (Figure 12) originating at 
the tibia and inserting into the quadratus plantae. It was comprised of several muscle fascicles, 
easily distinguishable from FDL (Figure 12).  
 
 
Figure 12. Flexor digitorum accessorius longus. The muscle can be seen having a separate 









The pennation of all three muscles followed a bipennate pattern and no differences were 
observed in pennation between the three muscles or each specimen.  
 
3.15 Whole muscle morphometry 
The means and standard deviations of the whole muscle dimensions of all specimens, for 
FDL, FHL and TP are presented in Tables 1.1, 1.2 and 1.3 respectively. The raw data for 
each specimen can be found in Appendix B.  
 
3.2 Muscle morphometry  
3.21 Muscle size 
From a visual perspective, it was easy to ascertain which muscle was the largest in size and 
this is reflected in the data. Muscle size was different between the three deep flexors (Table 
1.1, 1.2 & 1.3) with TP (44.1 ± 11.6g) having the greatest mass, followed by FHL (34.3 ± 
12.6g) and finally FDL (10.2 ± 2.1g). This trend was present for both volume and PCSA too. 
Volume for TP was the greatest (34.6 ± 6.2cm3) followed again by FHL (10.9 ± 2.1 cm3) and 
finally FDL (31.2 ± 12.8 cm3), and similarly TP (16.3 ± 1.0 cm2) had the largest PCSA, 
followed by FHL (8.2 ± 3.4 cm2) and FDL (1.9 ± 0.2 cm2). 
 
3.22 Muscle length 
Overall, TP was the longest of the three muscles, with a mean muscle length of 28.1 ± 2.3cm. 
Mean muscle length for FDL was 25.1 ± 2.1cm, and FHL was the shortest measuring a mean 
muscle length of 23.0 ± 1.2cm (Table 1.1, 1.2 & 1.3).  
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3.3 Distal tendon and MTJ length 
Total tendon length varied with FHL being the longest (42.4 ± 2.1cm) followed by FDL (38.5 
± 3.5cm) followed by TP (28.6 ± 3.6cm) which was the shortest. When normalised, the 
percentages showed vast differences with TP only comprising 79.9 ± 10.4% of total leg length 
while both FHL (118.4 ± 4.6%) and FDL (107.7 ± 10.9%) were greater than total length length.  
 
Free tendon length for FDL was less than (25.1± 2.1cm) FHL (26.5 ± 7.9cm) which had the 
greatest free tendon length, whilst TP had the lowest mean value of 13.5 ± 8.0cm. The greatest 
MTJ length was found in FDL (20.7 ± 1.8cm) whilst TP was slightly lower (16.2 ± 3.0cm) and 
finally FHL had the smallest length of 19.4 ± 3.6cm.  
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1 30.3 80.6 37.7 61.5 15.5 32.4 8.8 22.2 87.6 25.5 64.3 79.9 
2 27.8 81.9 32.8 32.2 15.6 31.0 9.1 23.3 89.6 24.6 64.3 76.9 
3 24.5 67.1 33.3 34.9 18.1 23.1 8.6 14.5 63.3 23.6 39.7 59.2 



























* normalised to leg length, taken from the medial malleolus to the proximal tibial plateau.  
# normalised to muscle length 
Abbreviations: MTJ, musculotendinous junction; PCSA, physiological cross-sectional area; TP, tibialis posterior. 
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1 23.2 67.2 12.2 12.3 1.9 45.6 20.9 19.4 123.3 60.6 56.2 83.6 
2 27.5 74.3 8.8 7.9 2.1 40.3 22.0 23.6 116.8 59.5 63.8 85.8 
3 22.8 62.5 9.1 8.3 1.8 40.8 21.7 19.1 111.7 59.4 52.3 83.8 



























* normalised to leg length, taken from the medial malleolus to the proximal tibial plateau.  
# normalised to muscle length 
Abbreviations: FDL, flexor digitorum longus; MTJ, musculotendinous junction; PCSA, physiological cross-sectional area 
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1 23.1 67.0 52.1 48.4 9.0 41.4 20.9 18.7 111.9 60.6 54.2 81.0 
2 23.7 64.1 18.5 19.6 13.3 39.6 23.6 17.8 114.8 63.8 48.1 75.1 
3 21.0 57.5 23.7 24.0 4.6 32.5 21.4 11.1 89.0 58.6 30.4 52.9 

























* normalised to leg length, taken from the medial malleolus to the proximal tibial plateau.  
# normalised to muscle length 
Abbreviations: FHL, flexor hallucis longus; MTJ, musculotendinous junction; PCSA, physiological cross-sectional area.
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3.4 Fascicular morphometry 
The mean fascicular morphometry data for all specimens, for FDL, FHL and TP are shown in 
Tables 2.1-2.3. Individual specimen data are available in Appendices C, D and E.  
 
3.41 Pennation angle  
In general, it was observed that the more distal fascicles were arranged at a greater angle of 
pennation than those more proximal. For all three deep muscles in the flexor compartment of 
the leg the fascicles were angled towards the tendon (and reference line) from both lateral and 
medial directions. Mean pennation angle for FDL was the smallest (6.7 ± 1.5º), with fascicles 
therefore arranged almost parallel to the reference line. Mean fascicle pennation angle for FHL 
was not much larger at 8.6 ± 4.7 º. Tibialis posterior had the greatest mean pennation angle 
(10.6 ± 0.8 º).  
 
3.42 Fascicle number 
Tibialis posterior was observed to have the greatest number of fascicles with a mean number 
of 51 ± 17.6 fascicles. Flexor hallucis longus had a mean number of fascicles not dissimilar to 
TP (48.5 ± 18.9), whilst FDL had much less (18.3 ± 5.8).  
 
3.43 Fascicle size  
As expected, fascicle mass and volume showed similar results, varying slightly between 
muscles. Tibialis posterior had the greatest mean fascicular mass (0.9 ± 0.5g) and volume (0.9 
± 0.5mL) whilst FDL had the least mean fascicular mass (0.6 ± 0.2g) and volume (0.6 ± 0.5mL). 
The mean fascicular mass (0.8 ± 0.5g) and volume (0.7 ± 0.3mL) for FHL was situated between 
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that of TP and FDL. The mean fascicle PCSA for both FDL and TP were the same (0.1 ± 
0.0cm2), while the fascicles of FHL were on average, marginally larger (0.2 ± 0.0cm2). 
 
3.5 Fascicle length 
Flexor digitorum longus was found to have the longest fascicle length (6.5 ± 1.2 cm) compared 






Table 2.1 Mean fascicle data for TP.  
Specimen Total number Length (cm) Mass (g) Volume (cm3) PCSA (cm2) 
Pennation 
angle (°) 
1 53.0 6.9 0.7 0.7 0.1 10.0 
2 46.0 5.9 0.7 0.7 0.1 10.0 
3 77.0 4.1 0.4 0.3 0.1 10.5 
4 28.0 8.3 0.8 0.8 0.2 11.9 
Mean (SD) 51.0 (17.6) 6.3 (1.5) 0.7 (0.2) 0.6 (0.2) 0.1 (0.0) 10.6 (0.8) 








Table 2.2 Mean fascicle data for FDL. 
Specimen Total number Length (cm) Mass (g) Volume (cm3) PCSA (cm2) 
Pennation 
angle (°) 
1 20.0 6.4 0.6 0.6 0.1 8.8 
2 12.0 6.4 0.6 0.7 0.2 6.7 
3 27.0 5.1 0.3 0.3 0.1 4.5 
4 14.0 8.3 0.9 1.0 0.1 6.9 
Mean (SD) 18.3 (5.8) 6.5 (1.2) 0.6 (0.2) 0.6 (0.2) 0.1 (0.0) 6.7 (1.5) 









Table 2.3 Mean fascicle data for FHL  
Specimen Total number Length (cm) Mass (g) Volume (cm3) PCSA (cm2) 
Pennation 
angle (°) 
1 72.0 5.9 0.6 0.7 0.1 13.1 
2 32.0 5.9 0.6 0.6 0.1 13.4 
3 62.0 6.2 0.4 0.4 0.3 4.3 
4 28.0 8.0 0.7 1.1 0.2 3.4 
Mean (SD) 48.5 (18.9) 6.5 (0.9) 0.6 (0.1) 0.7 (0.3) 0.2 (0.1) 8.6 (4.7) 
Abbreviations: FHL, flexor hallucis longus; PCSA, physiological cross-sectional area; SD, standard deviation
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3.6 Proximal insertion  
Starting at the deepest muscle, TP was consistently observed as attaching proximally to the 
interosseous membrane, the tibia, and the fibula. Any slight variations in the shape of the  
proximal insertion site were due to variation in the shape of the individual bone. Tibialis 
posterior had the greatest area of proximal insertion site attachment (111.4 ± 13.8 cm2) 
compared to the other deep flexors (FHL, 21.0 ± 5.3cm2; FDL,14.7 ± 2.9cm2). Of note, the 
proximal insertional area of TP in Specimen 2 was only about three-quarters the size of that of 
the other three specimens. Flexor digitorum longus showed the greatest variation in CSA size 
across the four specimens, ranging between 17.1-30.1 cm2. Flexor hallucis longus showed 
variation in the position of its proximal insertion as well as the size of the muscle insertion. 
This muscle was observed to insert proximally at varying distances along the length of the 
bone.  
 
Table 3. The cross-sectional area of the proximal muscle attachments, for all three deep flexors.  
 Cross sectional area of proximal attachment (cm2) 
Specimen TP FDL FHL 
1 127.6 17.1 17.8 
2 93.9 17.9 13.6 
3 120.0 18.8 10.4 
4 121.9 30.1 17.1 
Mean (SD) 111.4 (13.8) 21.0 (5.3) 14.7 (2.9) 
Abbreviations: CSA, cross sectional area; FDL, flexor digitorum longus; FHL, flexor hallucis 






This study aimed to determine the architectural parameters, and proximal insertion 
characteristics and sizes of the deep leg flexors, which, have not been previously reported in 
detail. Understanding the detailed architecture of a muscle provides useful information that 
could be used for modelling and clinical/surgical decision making. Furthermore, knowledge of 
variations and quantification of anatomical dimensions are important for determining the 
success of surgical procedures such as tendon transplants and understanding the aetiology of 
tendinopathy in these muscles.  
 
4.1 Whole muscle morphology 
4.11 Muscle length 
In the current study, mean absolute muscle length was measured, and these data were also 
presented as a proportion of total leg length. Absolute measures of the muscles showed that TP 
(28.1 ± 2.3cm) was the longest of the three deep flexor muscles, followed by FDL (25.1 ± 
2.1cm) and FHL (23.0 ± 1.2cm). These mean data fit within the data range observed in the four 
previous cadaver studies, which range from 25.4cm – 31cm for TP, 23.5cm – 27.3cm for FDL 
and 22cm – 26.8cm for FHL (Friederich & Brand, 1990; Sopher et al., 2017; Ward et al., 2009; 
Wickiewicz et al., 1983). 
 
When the absolute data were normalised to leg length, the relationship between the three deep 
flexors for muscle length did not change. Tibialis posterior comprised the greatest percentage 
of leg length (78.6 ± 6.8%) compared to both FDL (70.2 ± 5.7%) and FHL (64.4 ± 4.3%). 
Although previous studies have looked at muscle length before (Friederich & Brand, 1990; 
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Sopher et al., 2017; Ward et al., 2009; Wickiewicz et al., 1983), they have not normalised these 
data to leg length. Normalising the data accounts for individual leg length differences making 
comparison between individuals more applicable. 
 
4.12 Muscle size 
In terms of muscle size, TP was larger than both FDL and FHL. All measurements relating to 
size supported this as TP was the largest of the deep leg flexor muscles with respect to mass, 
volume, and PCSA. This compares with previous studies which report similar muscle size 
measurements for all three muscles (Friederich & Brand, 1990; Sopher et al., 2017; Ward et 
al., 2009; Wickiewicz et al., 1983).  
 
The mass, volume and PCSA are important determinants in understanding the force-generating 
capacity of a muscle (Lieber et al., 1992; Ward et al., 2009). This is because muscle volume is 
used to calculate PCSA; as muscle volume increases, so will PCSA. As highlighted by Ward 
et al., (2009), this is a non-linear relationship. Both mass and volume have been noted as 
measurements that do not take into account other factors such as fascicle orientation, unlike 
PCSA, and subsequently may not be the best comparative results between studies (Ward et al., 
2009). 
 
In terms of PCSA, the findings of this study indicate that due to its size, TP (16.3 ± 1.0cm2) is 
the largest muscle acting at the ankle based on its high force-generating capacity. In the 
literature, data regarding PCSA for the deep flexors are variable amongst studies but show a 
consistent trend where TP is the largest followed by FHL and then FDL. The results of the 
current study are similar to those reported by Ward et al., (2009) (TP, 14.4 ± 4.9cm2; FDL, 4.4 
± 2.0cm2; FHL, 6.9 ± 2.7cm2. In living subjects, PCSA was considerably larger. One study 
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using MRI calculated PCSA for TP, (36.8 ± 7.7cm2) and FDL (9.1 ± 2.7cm2) although FHL 
was not calculated. This cohort (n = 12, age = 32.6 ± 8.2 years) was much younger, and the 
subjects were living. As a result, the applicability of the current study to a younger healthy 
population may not be suited. Considering the three muscles separately, the results vary widely 
despite the synergistic nature of the muscles with TP having a PCSA five times greater than 
FDL. Whilst both FHL (8.2 ± 3.4cm2) and FDL (1.9 ± 0.2cm2) contribute to supporting the 
medial longitudinal arch of the foot they also having their own unique functions. Flexor 
hallucis longus has a greater PCSA value compared to FDL, which is likely due to its action 
on the great toe, which plays an important role in the ‘toe off’ event within the gait  (LaRue & 
Anctil, 2006; Péter et al., 2015). Given FDL’s small role in plantarflexion and inversion of the 
ankle joint, it is safer to conclude that the predominant role is flexion of the interphalangeal 
joints hence the low PCSA (Akuzawa et al., 2017).  
 
Only two previous dissection studies have provided muscle mass data. The mean values for TP 
muscle mass in these studies range from 53.5 – 58.5g, from 16.3 – 20.3g for FDL and from 
21.5 – 38.9g for FHL, which was greater than what was identified in the current study. There 
are multiple potential reasons for these differences such as embalming technique which can 
deteriorate proteins in the body although this shrinkage is deemed negligible (Cutts, 1988). 
Age and ethnicity likely play a larger role in the shrinkage of muscle. Age is the degeneration 
of muscle mass and subsequently reduces the mass compared to a younger sample. 
 
Volume data from the current study were similar to mass in that TP was the largest in volume, 
followed by FHL, and FDL was the smallest. Only two studies within the literature report on 
volume in these muscles, but existing data (TP, 56 – 63 cm3; FHL, 36.0 – 62.0 cm3; FDL, 18.0 
– 23.5 cm3) are larger than what was observed in the current study (TP, 34.6 ± 6.2 cm3; FHL, 
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31.2 ± 12.8 cm3; FDL, 11.0 ± 2.1cm3). Like mass, these results may be explained by a multitude 
of reasons such as preservation, age and ethnicity. Similarly to mass, volume and length are 
effected by these variables which are associated with a reduction in mass and length (Cutts, 
1988).  
 
4.13 Distal tendon and musculotendinous junction length 
The whole tendon is comprised of the free tendon portion, and the MTJ portion. These tendon 
length dimensions are important for surgical tendon transfer. Use of FDL tendon for posterior 
tibial tendon transfer is a common operative option (Thamphongsri et al., 2017; Vaudreuil et 
al., 2014). No data on tendon dimensions are available within the literature. In the current study, 
the FHL tendon was longest in terms of its whole length (42.4 ± 2.1cm) followed by FDL (38.5 
± 3.5cm) and TP (28.6 ± 3.6cm). Similarly it was observed that TP had the shortest free tendon 
length (9.2 ± 0.6cm) compared to FDL (21.7 ± 0.5cm) and FHL (22.4 ± 1.2cm), suggesting 
that if a tendon transfer for TP is warranted, then approximately 10cm of tendon is required for 
repair, of which either FDL or FHL are suitable. Due to the FHL requiring its singular tendon 
for great toe flexion, it is more applicable that FDL tendons are used in posterior tibial tendon 
transfer to maintain functionality of the great toe (Thamphongsri et al., 2017; Vaudreuil et al., 
2014).  
 
The distal MTJ lengths of the deep muscles in the flexor compartment of the leg have not been 
previously investigated. However, this is an important architectural parameter as it has been 
shown that the MTJ is the weakest part of the musculotendinous unit (Garrett & Best, 1994). 
Therefore, consideration of MTJ length may provide some insight into the relatively high 
number of cases with tendinopathy in TP.  
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As a proportion of muscle length, the distal MTJs spanned at least two-thirds of the length of 
TP (68.7 ± 9.8%) and FHL (69.8 ± 10.5%). The distal MTJ of FDL comprised a larger 
proportion of the total muscle length (82.6  ± 3.3%). These observations support hypothesis 2 
which stated that the distal MTJ of each muscle would occupy a large proportion of the total 
muscle length. As noted above, the distal MTJ of TP is susceptible to tendinopathy or 
tear(Garrett & Best, 1994; Jakobsen & Krogsgaard, 2021), which may require surgical 
intervention, with tendon transfer from FDL a potential option (Vaudreuil et al., 2014). The 
data from this study are interesting, as of the three deep flexor muscles, the MTJ of TP occupied 
a smaller proportion of muscle length when compared to both FDL and FHL. This may mean 
that a smaller MTJ presents less length for the muscle to dissipate stresses to the tendon, which 
may contribute to the known development of tendinopathy at this site.   
 
4.2 Fascicular morphology/morphometry 
4.22 Fascicle length 
Fascicle length is an important parameter for the ability to calculate PCSA and therefore 
functional force. Fascicle length was consistent across all muscles in this study with TP (6.3 ± 
1.5cm) having the greatest length due to a larger standard deviation while FHL and FDL both 
had values of (6.5 ± 1.2cm). These lengths are longer than what previous studies have 
published, collectively reporting a fascicle length range of 3.3 – 5.3cm for FHL, 2.7 – 4.5cm 
for FDL and 2.8 – 4.0cm for TP (Friederich & Brand, 1990; Sopher et al., 2017; Ward et al., 
2009; Wickiewicz et al., 1983). The data reported by Ward et al., (2009) which outlines that 
FHL has the greatest fascicular length (5.3 ± 1.3cm) followed by FDL (4.5 ± 1.1cm) and finally 
TP (3.8 ± 0.5cm), are the closest to the results of the current study. These differences may be 
due to different dissection techniques such as the use of sulphuric/nitric acid (Ward et al., 2009; 
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Wickiewicz et al., 1983). Fascicles were not normalised in previous studies so comparison to 
these data was not possible. 
 
Short fascicular length may be a potential risk factor in the development of  TP tendinopathies 
(Garrett & Best, 1994). Functionally, a shorter fascicle length could contribute to tendinopathy 
and help to explain the higher rate of injury observed in TP (Garrett & Best, 1994). However, 
the current study data cannot corroborate previous literature in that the muscle fascicles of TP 
do not appear to be shorter in comparison to the other deep flexor muscles (Friederich & Brand, 
1990; Sopher et al., 2017; Ward et al., 2009; Wickiewicz et al., 1983). Fascicle length should 
be investigated further in a larger sample to address these observed discrepancies.   
 
4.23 Fascicle size 
Fascicle mass, volume and PCSA for each of the deep flexors are important to know as they 
are used to calculate the total mass, volume and PCSA of the functional muscular tissue, and 
exclude any internal tendons and deep fascia. In general, fascicular size parameters were 
consistent between the cadavers with minor variations observed between individuals and 
muscles. At a fascicular level, mass, volume and PCSA have not been reported in previous 
studies, meaning comparison is not possible.  
  
4.24 Fascicle pennation angle  
Fascicles in all three muscles had a bipennate arrangement. All cadavers exhibited the same 
general pattern of pennation with TP being the most angular (10.6 ± 0.8°), followed by FHL 
(8.6 ± 4.7°), while FDL had the lowest pennation (6.7 ± 1.5°). The values for all three muscles 
were lower than most other studies which reported pennation angles ranging between 11.7 – 
19.0° in TP, 6.7 – 15° for FDL and (16.9 - 20.2°) for FHL (Friederich & Brand, 1990; Sopher 
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et al., 2017; Ward et al., 2009; Wickiewicz et al., 1983). As shown by the larger SD, there was 
more variability in the pennation angle of FHL in the current study, compared to that calculated 
for TP and FDL which may be a reflection on sample size. While data from Wickiewicz et al., 
(1983) are similar, both the current study and that by Wickiewicz et al., (1983) utilize few 
cadavers.   
The low fascicle angle is likely to indicate that the pennation of the deep muscles in the flexor 
compartment of the leg have a minimal role in creating force. 
In this study, angles were measured in a single, 2D plane, but it is acknowledged that pennation 
angle is three-dimensional, relative to the distal tendon (Ward et al., 2009). 
 
4.3 Proximal insertion 
These data are novel as while descriptions of the proximal insertion sites of the deep leg flexors 
are widely published, no previous studies have quantified their proximal attachment areas. The 
proximal insertional area is also indicative of how large the muscle will be in general but may 
not actually correlate to the overall muscle size. The mean CSA of the proximal insertion of 
TP (111.4 ± 13.8 cm2) was almost five times greater than both FDL (21.0 ± 5.3 cm2) and FHL 
(14.7 ± 2.9 cm2). This may indicate that a large muscle will have a greater insertional area. This 
has been shown in the elbow (Capo et al., 2014) but it is yet to be demonstrated in the deep leg 
flexors. This could be a potential avenue for future studies.  
 
Utilising 3D scanning software to determine the CSA of attachment has not been undertaken 
for other muscles of the leg. Comparison to other muscles of the leg and thigh could prove 




The results of this study have several limitations, primarily associated with the use of elderly 
cadaveric specimens. The specimens in this study had a high mean age (82 ± 11.8 years). Given 
their age and the embalming procedure, the muscle architecture may not be applicable to other 
populations. Notably, PCSA may be smaller than comparisons to living individuals. Elderly 
populations are known for having increased risk of sarcopenia which ultimately increases the 
chances of injury and reduces muscle mass, volume and PCSA (Perkisas et al., 2021). As a 
result, muscle architecture will not be the same as a young active individual. The process of 
embalming also affects muscle architecture by disrupting the natural process of decay, with 
fixation resulting in a small but significant amount of muscle fascicle shrinkage (Cutts, 1988).  
 
The small sample size makes applying results to a larger population problematic. This limited 
the ability to apply statistical analysis. In addition, repeat measurements were not undertaken 
for architectural parameters such as muscle and distal tendon lengths; however, the data 
obtained was comparable to some previous studies. This study also provides new findings 
relating to the 3D CSA of the proximal insertion sites of the deep leg flexor muscles. Assessing 
the intra- and inter-rater reliability of the CSA measurement process would be a valuable 
addition to future studies. 
 
4.5 Future Research 
Future avenues for exploration of the deep leg flexor muscles should incorporate details 
relating to innervation pattern and muscle compartmentalisation. Functionally, if the muscles 
were to have compartments, then it would mean these compartments could behave differently 
in the muscle. A strong indicator for compartmentalisation is separate nerve supply muscles 
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(Segal, 1992), which shows the necessity for investigation of the innervation patterns of these 
muscles.  
 
As previously discussed, an increased sample size would be beneficial for incorporating a more 
diverse range of individuals. Prior to dissection, the limbs could also be imaged using 
ultrasound, which would then enable validation of the dissection measures (Jacobson, 2005; 
Johnson et al., 2020; Mickle et al., 2013; Tosovic et al., 2016). 
 
Another aspect of the study that could be developed is measuring the specific area of TP that 
attaches onto bone or interosseous membrane. Similarly, an investigation into the extent of 
attachment of FDL and FHL into the deep fascia and that fascia connecting them to TP. Using 
the same 3D scanning technology utilized in the current study, the separate attachment sites 
could be evaluated and measured individually, providing insight into the proportion of muscle 
that attaches to each of these areas. Further, quantifying the attachment of both FDL and FHL 
to the deep fascia of TP would also highlight potential functional synergies.  
 
Future studies could look to apply the information from this study to a more clinical setting 
using ultrasound to determine muscle parameters as well as the innervation of the deep muscles 
in the flexor compartment of the leg in a living population. The measurement of parameters 
such as muscle volume has, to date, only been examined in two ultrasound studies which 
considered TP and FDL, but not FHL (Belavý et al., 2010; Fukunaga et al., 1992). 
Alternatively, MRI which is considered the gold standard, could also be used, as this is 
particularly effective in establishing accurate muscle volumes (Esformes et al., 2002; Fukunaga 
et al., 1992; Schweitzer & Karasick, 2000). 
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Using imaging to compare healthy subjects to individuals with specific deep leg flexor 
tendinopathies could also provide valuable data in terms of identifying anatomical factors that 
may contribute to conditions such as adult acquired flat foot and deep muscles in the flexor 
compartment of the leg tendinopathies. For example, it could be interesting to examine the 
lengths of the distal MTJs, which are relevant to understanding TP tendinopathy 
(Thamphongsri et al., 2017).  
5 Conclusion 
Each of the deep muscles in the flexor compartment of the leg muscles has a unique 
morphology, each for a different purpose. In this study, the muscle architecture of TP, FDL 
and FHL were quantified, including parameters such as mass, volume, PCSA, and length at 
fascicular and muscle levels, as well as distal tendon and MTJ length and the CSA of the 
proximal insertion sites using novel 3D scanning techniques. Tibialis posterior was the largest 
according to size, length, volume, mass, PCSA and its proximal insertion CSA was also the 
largest, of the deep flexor muscles, highlighting its importance functionally at the ankle joint 
and potentially on the medial longitudinal arch. Of note, relative to muscle length, the distal 
MTJ of TP was shorter compared to both FHL and FDL, which may be relevant to consider in 
relation to the aetiology of TP tendinopathy. The findings from this study necessitate further 
research into the innervation and potential compartmentalization of the deep muscles in the 
flexor compartment of the leg to understand if they are active during specific movements. 
Presence of these compartments may change how we consider clinical applications and future 
treatments. Ongoing research into how the anatomy of the distal MTJs may be related to the 
occurrence of tendinopathies within these muscles.
 I 
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Appendix C. Fascicular architectural parameters of TP in 
individual specimens 
1 
Fascicle Pennation angle (°) Length (cm) Mass (g) Volume (ml) PCSA (cm2) 
1 5 7.61 0.44 0.4 0.05 
2 5 8.08 0.41 0.4 0.08 
3 5 6.69 0.71 0.8 0.12 
4 5 7.90 0.37 0.4 0.08 
5 5 8.36 0.61 0.6 0.10 
6 5 7.76 0.87 0.8 0.08 
7 10 7.95 0.59 0.6 0.04 
8 10 7.78 0.36 0.3 0.04 
9 10 7.02 0.28 0.3 0.05 
10 10 5.92 0.27 0.6 0.09 
11 10 6.40 0.64 0.9 0.12 
12 10 7.73 0.91 0.5 0.07 
13 10 7.31 0.50 1.1 0.14 
14 0 7.84 1.18 0.9 0.13 
15 0 6.92 0.86 0.4 0.07 
16 0 5.49 0.40 0.7 0.11 
17 0 6.55 0.46 0.8 0.11 
18 0 6.70 0.86 0.8 0.12 
19 0 6.25 0.49 0.4 0.06 
20 0 5.45 0.46 0.5 0.09 
21 0 6.33 0.60 0.6 0.08 
22 0 8.95 0.83 0.7 0.11 
23 10 7.23 0.80 0.8 0.16 
24 10 6.35 1.07 1.0 0.10 
25 10 5.90 0.51 0.6 0.08 
26 0 6.18 0.54 0.5 0.15 
 II 
27 0 5.87 0.92 0.9 0.20 
28 0 5.06 1.01 1.0 0.11 
29 0 5.63 0.66 0.6 0.15 
30 0 6.17 0.91 0.9 0.11 
31 10 9.23 1.04 1.0 0.14 
32 10 7.95 1.12 1.1 0.12 
33 10 8.57 1.01 1.0 0.07 
34 10 8.95 0.91 0.6 0.11 
35 10 7.97 1.00 0.9 0.13 
36 10 7.73 1.12 1.0 0.11 
37 10 8.57 0.92 0.9 0.11 
38 10 5.98 0.85 0.8 0.14 
39 10 6.6 0.90 0.7 0.10 
40 10 7.18 0.88 0.8 0.07 
41 10 6.22 0.89 0.9 0.12 
42 10 6.88 0.79 0.7 0.12 
43 20 7.16 0.55 0.5 0.09 
44 20 8.35 1.04 1.0 0.09 
45 20 5.07 0.56 0.6 0.17 
46 20 6.71 0.6 0.6 0.12 
47 20 8.86 0.76 0.8 0.15 
48 30 6.45 1.15 1.1 0.09 
49 30 6.08 0.74 0.7 0.09 
50 30 6.88 1.02 1.0 0.10 
51 30 5.29 0.75 0.8 0.12 
52 30 5.66 0.43 0.5 0.11 
53 30 4.51 0.34 0.4 0.09 
 
2 
Fascicle Pennation angle (°) Length (cm) Mass (g) Volume (ml) PCSA (cm2) 
1 20 4.6 0.2 0.5 0.10 
2 20 4.9 0.2 0.4 0.10 
 III 
3 20 7.4 0.7 0.7 0.10 
4 20 6.0 1.0 1.0 0.20 
5 20 5.0 0.8 0.8 0.20 
6 20 6.2 0.9 0.8 0.10 
7 20 5.3 0.6 0.4 0.10 
8 20 5.5 1.1 1.0 0.20 
9 20 6.0 0.4 0.4 0.10 
10 5 4.9 0.6 0.6 0.10 
11 0 5.9 0.9 1.0 0.20 
12 0 5.3 0.7 0.7 0.10 
13 0 5.0 1.0 0.9 0.10 
14 0 5.0 0.4 0.4 0.20 
15 0 5.5 0.9 0.9 0.20 
16 5 5.3 0.9 0.9 0.20 
17 5 5.2 1.2 1.1 0.20 
18 5 5.8 0.6 0.6 0.10 
19 5 5.3 0.5 0.5 0.10 
20 10 5.4 0.3 0.4 0.10 
21 10 4.4 0.5 0.5 0.10 
22 10 6.6 1.1 1.1 0.20 
23 15 5.4 0.3 0.3 0.10 
24 15 8.2 1.1 1.1 0.10 
25 5 3.1 0.3 0.3 0.10 
26 5 6.3 0.4 0.6 0.10 
27 5 5.7 0.8 0.8 0.10 
28 5 6.2 0.7 0.7 0.10 
29 5 7.7 0.8 0.7 0.10 
30 5 6.3 0.4 0.4 0.10 
31 5 9.3 1.0 1.0 0.10 
32 10 6.1 0.4 0.4 0.20 
33 5 6.7 1.1 1.0 0.20 
34 5 6.4 0.8 0.8 0.10 
 IV 
35 5 5.1 0.5 0.5 0.10 
36 5 6.0 0.8 0.8 0.10 
37 10 6.9 0.9 0.8 0.10 
38 20 4.8 1.1 1.1 0.20 
39 10 4.8 0.7 0.6 0.10 
40 10 4.7 1.0 1.0 0.20 
41 10 5.7 1.0 1.0 0.20 
42 10 8.0 1.0 1.0 0.10 
43 10 7.1 1.1 1.0 0.10 
44 15 7.3 0.9 0.8 0.10 
45 15 6.9 0.5 0.5 0.10 
 
3 
Fascicle Pennation angle (°) Length (cm) Mass (g) Volume (ml) PCSA (cm2) 
1 15 5.9 0.6 0.6 0.10 
2 0 4.7 0.6 0.5 0.10 
3 0 3.4 0.1 0.2 0.10 
4 0 7.7 0.2 0.2 0.00 
5 0 4.2 0.5 0.5 0.10 
6 0 5.4 0.6 0.6 0.10 
7 0 4.1 0.5 0.4 0.10 
8 0 4.1 0.4 03 0.10 
9 0 4.0 0.4 0.4 0.10 
10 0 3.0 0.2 0.3 0.10 
11 5 4.1 0.3 0.3 0.10 
12 5 3.9 0.4 0.4 0.10 
13 5 4.7 0.3 0.3 0.10 
14 5 4.6 0.5 0.5 0.10 
15 10 4.0 0.4 0.4 0.10 
16 5 2.7 0.2 0.3 0.10 
17 15 3.5 0.2 0.3 0.10 
18 20 3.6 0.5 0.3 0.10 
 V 
19 20 3.7 0.5 0.4 0.10 
20 15 3.2 0.5 0.6 0.10 
21 15 4.4 0.7 0.3 0.10 
22 5 3.7 0.3 0.3 0.10 
23 5 3.9 0.4 0.4 0.10 
24 10 4.8 0.4 0.3 0.10 
25 5 4.7 0.6 0.5 0.10 
26 10 3.5 0.2 0.2 0.10 
27 10 3.3 0.3 0.4 0.10 
28 10 3.5 0.4 0.4 0.10 
29 10 2.9 0.1 0.1 0.00 
30 10 4.0 0.5 0.4 0.10 
31 10 4.2 0.6 0.5 0.10 
32 10 4.4 0.3 0.3 0.10 
33 10 3.3 0.3 0.2 0.10 
34 5 3.4 0.3 0.4 0.10 
35 5 4.8 0.6 0.7 0.10 
36 5 4.5 0.5 0.4 0.10 
37 5 4.6 0.5 0.6 0.10 
38 10 5.3 0.4 0.4 0.10 
39 10 5.9 0.7 0.7 0.10 
40 10 5.5 0.7 0.7 0.10 
41 10 4.6 0.6 0.5 0.10 
42 10 4.1 0.6 0.5 0.10 
43 10 3.3 0.2 0.2 0.10 
44 10 4.1 0.7 0.7 0.20 
45 10 4.3 0.7 0.7 0.20 
46 10 3.3 0.3 0.3 0.10 
47 10 3.8 0.7 0.6 0.20 
48 10 3.4 0.3 0.3 0.10 
49 10 3.9 0.4 0.4 0.10 
50 10 3.8 0.5 0.2 0.10 
 VI 
51 10 3.4 0.4 0.2 0.10 
52 20 3.5 0.6 0.6 0.20 
53 20 4.0 0.4 0.3 0.10 
54 20 3.8 0.4 0.4 0.10 
55 20 3.1 0.3 0.3 0.10 
56 20 4.4 0.3 0.3 0.10 
57 20 3.9 0.6 0.6 0.10 
58 10 3.4 0.3 0.4 0.20 
59 10 4.2 0.7 0.7 0.10 
60 10 5.0 0.7 0.7 0.20 
61 10 4.3 0.7 0.7 0.10 
62 10 5.4 0.6 0.6 0.20 
63 10 3.9 0.6 0.5 0.10 
64 10 3.7 0.5 0.3 0.10 
65 20 4.4 0.7 0.7 0.20 
66 20 4.6 0.6 0.6 0.10 
67 20 3.7 0.4 0.4 0.10 
68 20 3.7 0.3 0.4 0.10 
69 20 3.5 0.2 0.2 0.00 
70 20 4.1 0.5 0.2 0.10 
71 10 4.7 0.6 0.5 0.10 
72 10 4.2 0.8 0.6 0.30 
73 10 3.1 0.7 0.8 0.20 
74 10 4.0 0.4 0.7 0.10 
75 20 3.9 0.3 0.4 0.10 
76 20 3.5 0.6 0.2 0.10 
77 20 4.5 0.5 0.5 0.10 
 
4 
Fascicle Pennation angle (°) Length (cm) Mass (g) Volume (ml) PCSA (cm2) 
1 10 11.0 0.7 0.6 0.10 
2 10 8.3 1.6 1.4 0.20 
 VII 
3 10 9.9 1.8 1.8 0.20 
4 0 8.5 2.2 2.2 0.30 
5 0 7.8 0.7 0.6 0.10 
6 0 8.7 0.9 0.8 0.10 
7 10 9.5 0.8 1.8 0.20 
8 15 6.0 0.9 0.8 0.10 
9 15 7.0 1.1 2.0 0.30 
10 15 8.4 1.2 1.1 0.10 
11 15 8.7 2.9 3.0 0.30 
12 10 8.0 1.2 1.4 0.20 
13 10 5.0 0.4 0.4 0.10 
14 10 6.0 3.7 3.8 0.60 
15 10 7.3 2.4 2.5 0.30 
16 10 8.6 1.1 1.0 0.10 
17 10 9.5 1.7 1.6 0.00 
18 20 6.8 1.6 1.6 0.20 
19 20 6.1 2.0 2.0 0.30 
20 15 9.6 2.6 2.6 0.30 
21 15 8.2 1.6 1.7 0.20 
22 15 11.5 4.1 4.0 0.30 
23 15 11.4 1.4 1.4 0.10 
24 15 7.7 1.4 1.4 0.20 
25 15 7.4 1.4 1.4 0.20 
26 15 8.9 2.3 2.2 0.20 








Fascicle Pennation angle (°) Length (cm) Mass (g) Volume (ml) PCSA (cm2) 
1 0 6.93 0.57 0.5 0.07 
2 10 6.08 0.83 0.9 0.15 
3 10 5.22 0.59 0.5 0.10 
4 10 5.42 0.40 0.5 0.09 
5 10 6.22 0.26 0.2 0.03 
6 10 5.35 0.34 0.3 0.06 
7 10 5.38 0.35 0.3 0.06 
8 5 7.31 0.85 0.8 0.11 
9 5 8.16 0.66 0.6 0.07 
10 5 6.57 0.48 0.5 0.08 
11 10 6.8 0.83 0.8 0.12 
12 5 6.94 0.6 0.6 0.09 
13 10 5.66 0.49 0.5 0.06 
14 10 7.61 0.70 0.7 0.07 
15 0 6.69 0.51 0.5 0.13 
16 0 5.99 0.84 0.8 0.09 
17 10 6.62 0.63 0.6 0.11 
18 15 7.48 0.78 0.8 0.08 
19 20 4.81 0.3 0.4 0.10 
20 20 5.84 0.52 0.6 0.09 
 
2 
Fascicle Pennation angle (°) Length (cm) Mass (g) Volume (ml) PCSA (cm2) 
1 5 7.0 0.7 0.7 0.10 
2 5 6.7 0.5 0.5 0.10 
 IX 
3 15 6.1 0.9 0.8 0.10 
4 15 8.5 0.1 1.0 0.10 
5 5 1.5 1.0 1.0 0.70 
6 5 1.7 0.8 0.7 0.40 
7 0 5.6 0.6 0.7 0.10 
8 0 8.7 0.9 0.8 0.10 
9 0 5.9 0.2 0.2 0.00 
10 10 8.7 0.6 0.6 0.10 
11 10 6.7 0.3 0.3 0.00 
12 10 9.8 0.8 0.8 0.10 
 
3 
Fascicle Pennation angle (°) Length (cm) Mass (g) Volume (ml) PCSA (cm2) 
1 5 6.1 0.4 0.4 0.10 
2 0 5.0 0.3 0.4 0.10 
3 0 6.0 0.3 0.3 0.00 
4 5 5.3 0.3 0.4 0.10 
5 0 4.1 0.1 0.2 0.0 
6 5 5.2 0.2 0.4 0.10 
7 5 4.8 0.3 0.3 0.10 
8 5 4.6 0.2 0.2 0.0 
9 5 4.1 0.2 0.2 0.0 
10 5 4.7 0.2 0.1 0.0 
11 5 5.1 0.2 0.3 0.10 
12 10 4.1 0.3 0.4 0.10 
13 5 6.9 0.3 0.4 0.10 
14 5 4.9 0.3 0.5 0.10 
15 5 3.5 0.4 0.1 0.0 
16 5 3.9 0.1 0.3 0.10 
17 5 4.8 0.3 0.3 0.10 
18 10 4.7 0.3 0.3 0.10 
19 10 6.5 0.3 0.4 0.10 
 X 
20 5 5.0 0.4 0.2 0.0 
21 5 5.7 0.2 0.6 0.10 
22 5 6.3 0.5 0.5 0.10 
23 10 4.9 0.5 0.3 0.10 
24 5 6.9 0.3 0.5 0.10 
25 5 5.2 0.5 0.3 0.10 
26 5 3.6 0.2 0.5 0.10 
 
4 
Fascicle Pennation angle (°) Length (cm) Mass (g) Volume (ml) PCSA (cm2) 
1 0 8.2 0.9 0.7 0.10 
2 10 7.4 0.7 0.6 0.10 
3 10 11.2 1.0 0.8 0.20 
4 0 8.4 1.0 1.0 0.10 
5 0 9.0 0.8 0.5 0.20 
6 10 9.5 1.3 1.8 0.20 
7 0 7.2 0.4 0.3 0.00 
8 10 7.4 0.9 0.8 0.20 
9 15 7.9 0.5 0.5 0.10 
10 0 7.1 0.7 0.6 0.10 
11 5 11.2 1.3 1.2 0.10 
12 10 7.3 0.5 0.6 0.10 








Fascicle Pennation angle (°) Length (cm) Mass (g) Volume (ml) PCSA (cm2) 
1 0 7.35 1.06 1.0 0.14 
2 10 6.61 0.44 0.4 0.06 
3 10 6.64 0.22 0.2 0.03 
4 10 6.12 0.65 0.6 0.10 
5 10 6.69 0.39 0.4 0.06 
6 10 6.33 0.22 0.3 0.05 
7 10 4.54 0.39 0.4 0.05 
8 10 6.75 0.67 0.7 0.10 
9 10 7.23 0.26 0.6 0.08 
10 10 5.43 0.30 0.2 0.04 
11 10 5.87 0.79 0.4 0.07 
12 10 6.49 0.48 0.8 0.12 
13 10 6.12 0.52 0.5 0.08 
14 10 6.21 0.35 0.5 0.08 
15 20 5.58 0.62 0.3 0.05 
16 10 5.77 0.44 0.7 0.12 
17 10 6.28 0.66 0.4 0.03 
18 20 6.92 0.66 0.5 0.07 
19 20 6.79 0.75 0.7 0.10 
20 10 6.52 1.06 4.0 0.15 
21 0 6.72 0.87 0.9 0.13 
22 0 6.87 0.79 0.8 0.12 
23 10 5.51 0.58 0.6 0.11 
24 5 7.02 0.52 0.6 0.19 
25 5 6.31 0.68 0.6 0.09 
26 0 4.85 0.40 0.5 0.10 
 XII 
27 0 6.06 0.58 0.5 0.1 
28 0 6.17 0.83 0.9 0.08 
29 5 5.47 0.52 0.5 0.15 
30 5 5.35 0.51 0.5 0.09 
31 5 5.57 0.18 0.5 0.09 
32 10 7.29 0.89 0.9 0.09 
33 5 6.8 0.99 1.0 0.12 
34 5 7.68 1.07 1.0 0.15 
35 5 5.16 0.52 0.5 0.13 
36 5 6.38 0.88 0.8 0.10 
37 5 6.03 0.36 0.4 0.13 
38 5 74.15 1.04 1.0 0.12 
39 20 5.42 0.63 0.6 0.14 
40 20 5.72 0.53 0.5 0.11 
41 20 5.13 0.3 0.2 0.18 
42 20 5.65 0.4 0.4 0.07 
43 20 5.84 0.48 0.5 0.09 
44 20 5.28 0.36 0.4 0.08 
45 10 6.05 0.78 0.8 0.13 
46 10 6.22 0.7 0.6 0.10 
47 10 6.84 0.71 0.7 0.11 
48 15 5.15 0.81 0.8 0.16 
49 15 5.35 0.49 0.5 0.09 
50 15 4.20 0.69 0.7 0.17 
51 15 4.64 0.34 0.4 0.09 
52 15 6.43 1.30 1.3 0.20 
53 5 5.96 0.64 0.6 0.10 
54 10 5.92 0.86 0.8 0.14 
55 10 5.49 0.37 0.4 0.07 
56 15 6.15 0.67 0.7 0.11 
57 15 6.12 0.9 0.9 0.15 
58 15 6.29 0.55 0.5 0.08 
 XIII 
59 15 5.77 0.88 0.8 0.14 
60 20 6.74 0.61 0.5 0.07 
61 5 5.9 0.52 0.5 0.08 
62 20 4.78 0.32 0.2 0.04 
63 20 6.0 1.05 1.0 0.17 
64 20 5.52 0.71 0.8 0.15 
65 20 5.26 0.47 0.5 0.09 
66 20 6.3 0.96 1.0 0.16 
67 20 6.79 0.73 0.8 0.12 
68 20 4.84 0.64 0.6 0.12 
69 20 4.82 0.84 0.8 0.17 
70 30 3.5 1.16 1.0 0.29 
71 30 4.17 0.56 0.6 0.14 
72 30 3.85 0.95 1.0 0.26 
73 30 5.4 0.99 1.0 0.19 
74 30 3.78 0.68 0.6 0.16 
75 30 4.-+ 0.55 0.5 0.10 
 
2 
Fascicle Pennation angle (°) Length (cm) Mass (g) Volume (ml) PCSA (cm2) 
1 5 6.8 0.3 0.3 0.0 
2 15 6.5 0.8 0.7 0.10 
3 15 6.3 0.4 0.4 0.10 
4 15 8.1 0.6 0.6 0.10 
5 0 8.8 1.0 0.9 0.10 
6 0 7.2 0.3 0.3 0.00 
7 0 6.3 0.5 0.5 0.10 
8 0 4.9 0.3 0.3 0.10 
9 0 5.0 0.3 0.3 0.10 
10 15 6.0 0.3 0.3 0.00 
11 15 7.0 0.3 0.1 0.00 
12 15 5.2 0.9 0.3 0.10 
 XIV 
13 0 5.2 0.3 0.4 0.10 
14 5 6.2 0.4 0.5 0.10 
15 20 5.8 0.4 0.7 0.10 
16 20 8.1 0.8 0.4 0.10 
17 20 4.5 0.9 1.0 0.20 
18 20 6.6 0.7 0.8 0.10 
19 20 6.2 0.8 0.8 0.10 
20 20 7.9 0.9 0.9 0.10 
21 20 6.3 0.7 0.6 0.10 
22 20 4.5 1.0 1.1 0.20 
23 20 6.3 0.4 0.4 0.10 
24 20 5.4 0.7 0.7 0.10 
25 5 5.9 1.0 1.0 0.20 
26 20 4.7 0.2 0.2 0.00 
27 20 5.1 0.6 0.5 0.10 
28 20 4.7 0.7 0.6 0.10 
29 20 4.0 0.5 0.6 0.20 
30 25 3.8 0.9 0.9 0.20 
31 25 4.9 0.6 0.5 0.10 
32 25 3.7 0.9 0.9 0.20 
 
3 
Fascicle Pennation angle (°) Length (cm) Mass (g) Volume (ml) PCSA (cm2) 
1 5 5.8 0.3 0.3 0.10 
2 5 6.3 0.3 0.4 0.10 
3 5 4.1 0.3 0.2 0.00 
4 5 4.4 0.3 0.2 0.00 
5 5 5.7 0.3 0.4 0.10 
6 5 7.2 0.3 0.3 0.00 
7 5 6.1 0.3 0.2 0.00 
8 5 3.7 0.3 0.1 0.00 
9 5 5.9 0.3 0.3 0.10 
 XV 
10 0 5.9 0.2 0.3 0.10 
11 0 6.3 0.5 0.5 0.10 
12 0 5.3 0.2 0.2 0.00 
13 0 6.6 0.2 0.2 0.00 
14 0 5.0 0.5 0.5 0.10 
15 15 5.0 0.5 0.4 0.10 
16 20 6.0 0.5 0.6 0.10 
17 20 4.5 0.3 0.5 0.10 
18 5 6.3 0.3 0.3 0.00 
19 5 5.9 0.4 0.4 0.10 
20 5 5.0 0.2 0.6 0.10 
21 0 6.0 0.6 0.6 0.10 
22 0 5.7 0.3 0.4 0.10 
23 5 5.1 0.5 0.4 0.10 
24 0 6.0 0.5 0.5 0.10 
25 0 5.3 0.5 0.3 0.10 
26 0 4.0 0.2 0.2 0.00 
27 10 5.4 0.6 0.6 0.10 
28 10 4.3 0.3 0.3 0.10 
29 10 6.3 0.5 0.5 0.10 
30 5 5.5 0.2 0.3 0.10 
31 0 6.4 0.6 0.6 0.10 
32 0 5.1 0.2 0.3 0.10 
33 0 5.9 0.5 0.4 0.10 
34 0 6.2 0.4 0.4 0.10 
35 5 5.6 0.6 06 0.10 
36 5 5.4 0.7 0.7 0.10 
37 0 4.0 0.4 0.3 0.10 
38 0 4.7 0.5 0.5 0.10 
39 0 5.4 0.5 0.6 0.10 
40 0 5.0 0.7 0.7 0.10 
41 15 4.8 0.5 0.5 0.10 
 XVI 
42 15 5.2 0.5 0.5 0.10 
43 5 4.2 0.2 0.2 0.00 
44 5 4.1 0.2 0.3 0.10 
45 5 4.4 0.4 0.4 0.10 
46 5 4.3 0.3 0.3 0.10 
47 5 4.3 0.2 0.2 0.00 
48 5 4.6 0.3 0.4 0.10 
49 0 5.4 0.5 0.4 0.10 
50 15 4.3 0.4 0.5 0.10 
51 5 4.5 0.5 0.4 0.10 
52 0 4.5 0.2 0.2 0.00 
53 5 4.6 0.2 0.3 0.10 
54 0 4.3 0.2 0.4 0.10 
55 5 3.4 0.3 0.2 0.00 
56 0 5.1 0.5 0.1 0.00 
57 5 3.7 0.2 0.3 0.10 
58 0 4.6 0.6 0.5 0.10 
59 0 3.7 0.5 0.2 0.10 
60 0 4.0 0.6 0.5 0.10 
61 5 4.7 0.5 0.4 0.10 
62 0 4.6 0.4 0.4 0.10 
 
4 
Fascicle Pennation angle (°) Length (cm) Mass (g) Volume (ml) PCSA (cm2) 
1 10 11.0 0.7 0.6 0.10 
2 10 8.3 1.6 1.4 0.20 
3 10 9.9 1.8 1.8 0.20 
4 0 8.5 2.2 2.2 0.30 
5 0 7.8 0.7 0.6 0.10 
6 0 8.7 0.9 0.8 0.10 
7 10 9.5 1.8 1.8 0.20 
8 15 6.0 0.9 0.8 0.10 
 XVII 
9 15 7.0 1.1 2.0 0.30 
10 15 8.4 1.2 1.1 0.10 
11 15 8.7 2.9 3.0 0.30 
12 10 8.0 1.2 1.4 0.20 
13 10 5.0 0.4 0.4 0.10 
14 10 6.0 3.7 38 0.60 
15 10 7.3 2.4 2.5 0.30 
16 10 8.6 1.1 1.0 0.10 
17 10 9.5 1.7 1.6 0.10 
18 20 6.8 1.6 1.6 0.20 
19 20 6.1 2.0 2.0 0.20 
20 15 9.6 2.6 2.6 0.30 
21 15 8.2 1.6 1.7 0.30 
22 15 11.5 4.1 4.0 0.20 
23 15 11.4 1.4 1.4 0.30 
24 15 7.7 1.4 1.4 0.10 
25 15 7.4 1.4 1.4 0.20 
26 15 8.9 2.3 2.2 0.20 
27 15 8.9 1.4 1.4 0.20 
 
